Virulent intracellular pathogens, such as the Salmonella species, engage numerous virulence factors to subvert host defence mechanisms to induce a chronic infection that leads to typhoid or exacerbation of other chronic inflammatory conditions. Here we show the role of the forkhead transcription factor FoxO3a during infection of mice with Salmonella typhimurium (ST). Although FoxO3a signalling does not affect the development of CD8 þ T cell responses to ST, FoxO3a has an important protective role, particularly during the chronic stage of infection, by limiting the persistence of oxidative stress. Furthermore, FoxO3a signalling regulates ERK signalling in macrophages, which results in the maintenance of a proinflammatory state. FoxO3a signalling does not affect cell proliferation or cell death. Thus, these results reveal mechanisms by which FoxO3a promotes host survival during infection with chronic, virulent intracellular bacteria.
I nnate immune cells, including macrophages, neutrophils and monocytes, act as the first line of defence against pathogens 1 . Pattern recognition receptors, such as Toll-like receptors (TLRs), expressed by innate immune cells recognize pathogen associated molecular patterns expressed by a wide range of pathogens 2 . TLR-pathogen associated molecular pattern interactions lead to the activation of nuclear factor-kB (NFkB)/mitogen-activated protein kinase (MAPK), which results in the expression of inflammatory cytokines that aid in pathogen clearance 3 . Inflammatory responses are subsequently limited by anti-inflammatory cytokines, such as interleukin-10 (IL-10), to prevent excessive tissue damage 4 .
Salmonella species are intracellular bacteria that promote typhoid, gastroenteritis, sepsis, inflammatory bowel disease and colon cancer 5, 6 . Salmonella typhimurium (ST) is a gram-negative intracellular bacterium that causes a lethal typhoid-like infection in mice, and takes advantage of the compromised immune system of HIV-1 þ patients 7 . Approximately 20 million cases of typhoid are reported worldwide annually 8 , and available vaccines have limited efficacy 9 . Salmonella reside in the phagosomes of infected cells and create a permissive environment that supports survival of the pathogen 10, 11 .
Efficient control of ST requires the presence of several host factors including NADPH oxidase, proinflammatory cytokines and activation of adaptive immune cells 12 . ST preferentially infects macrophages and neutrophils 13, 14 , and replication within macrophages is a mechanism of ST virulence 15 . The production of proinflammatory cytokines (interferon-g (IFN-g), IL-12 and tumour-necrosis factor (TNF)) and reactive oxygen species (ROS) by macrophages and neutrophils contributes to bacterial killing [16] [17] [18] and their depletion compromises host survival 19, 20 .
The FoxO family of transcription factors modulates various cellular processes including cell-death and anti-oxidant defence 21 . FoxO3a regulates multiple genes involved in cell-death and cell proliferation 22 . FoxO3a has been shown to negatively regulate CD8 þ T cell responses in viral infections 23, 24 . We previously reported that FoxO3a does not promote host survival against the intracellular bacterium, Listeria monocytogenes that induces an acute infection, although FoxO3a signalling reduces the CD8 þ T cell responses to Listeria monocytogenes 25 . We consider the possibility that FoxO3a signalling is more important during chronic infections that perturb various host cellular functions more profoundly. We therefore test the role of FoxO3a signalling during infection of mice with virulent ST that causes a chronic infection. Our results indicate that FoxO3a plays a protective role especially in the chronic stage of the infection, by limiting oxidative stress. FoxO3a signalling, in addition, promotes the termination of extracellular signal-regulated kinase (ERK) signalling to induce inflammatory immune responses that are necessary to control infection with virulent intracellular pathogens such as ST.
Results
FoxO3a deficiency enhances susceptibility to ST. FoxO3a has been shown to influence CD4 þ and CD8 þ T cell responses in various infection models [23] [24] [25] . We wished to evaluate the impact of FoxO3a during infection with a chronic bacterium that resides in the phagosomes of infected cells. We used a recombinant of ST that resides in the phagosomes and expresses ovalbumin (OVA) (ST-OVA) rapidly into the cytosol of infected cells to evaluate innate as well as acquired immune responses 26 . On infection of either wild type (WT) or FoxO3a À / À C57BL/6 mice with ST-OVA, FoxO3a À / À mice displayed accelerated susceptibility with a median survival of 16 days as opposed to 32 days in case of WT mice (Fig. 1a) . Rag-1 À / À mice infected with ST or ST-OVA (10 3 , iv) succumbed to the infection suggesting that T cell response is required for protection against ST (Fig. 1b) . FoxO3a À / À mice had a comparable bacterial burden to that of WT mice at day 7 post-infection. At day 14 post-infection, the bacterial burden in FoxO3a À / À mice was significantly higher than WT mice (Fig. 1c) . FoxO3a À / À spleens were slightly larger than their WT counterparts both before and after infection (Fig. 1d) . Thus, our results indicate that when ST infection proceeds for a longer duration, the critical protective role of FoxO3a becomes apparent.
Proinflammatory cytokines play a crucial role in the protection against intracellular pathogens, including ST [16] [17] [18] . We analysed serum cytokine levels at day 7, a time point when the bacterial burden was comparable between WT and FoxO3a À / À mice. Interestingly, the levels of critical inflamatory cytokines, TNF and IL-12 were reduced in FoxO3a À / À mice (Fig. 1e) . Serum levels of several chemokines including monokine induced by gamma interferon (MIG) and monocyte chemoattractant protein-1 (MCP-1) were also lower in infected FoxO3a À / À mice ( Supplementary Fig. 1a ). In the liver, FoxO3a À / À mice had significantly reduced expression of various cytokines such as IL1b, IL-12, TNF and IFN-g at day 7 post-infection as measured by qRT-PCR; though the expression of SOCS-1 and SOCS-3 were not altered ( Supplementary Fig. 1b,c) .
At day 7 post-infection, bacterial burden in the livers of FoxO3a À / À mice was comparable to that of WT mice (Fig. 1f) . FoxO3a has been shown to promote the transcription of anti-oxidant defence/DNA repair genes in various cell types 27, 28 . Infection with ST resulted in substantial reduction in the expression of SOD-1, SOD-2, catalase and GADD45A (Fig. 1g ), perhaps to allow ROS levels to build-up to control the pathogen. This reduction in the expression of ROS detoxifying genes was exacerbated in the absence of FoxO3a, indicating that FoxO3a promotes the expression of these proteins (Fig. 1g) .
The increased susceptibility of C57BL/6 mice to ST has been attributed, at least partially to a mutation in the iron transporter, Nramp1 gene at position 169 (Gly to Asp) 29 . We therefore used B6 mice carrying a functional Nramp gene (B6.Nramp) 30 , and infected them with ST. Interestingly, B6.Nramp FoxO3a À / À mice succumbed to infection much earlier with a median survival of 15 days in comparison to 28 days in case of B6.Nramp WT mice (Fig. 1h ). This data confirms that FoxO3a signalling does have an important, protective role during chronic infection with virulent ST.
Haematopoietic FoxO3a signalling promotes host protection. We transferred WT or FoxO3a À / À bone marrow cells into irradiated B6 recipient mice to determine whether protection by FoxO3a is mediated through cells in the hematopoietic compartment. Transfer of FoxO3a À / À bone marrow cells into WT recipient mice resulted in accelerated death following infection (Fig. 2a) . Median survival of infected FoxO3a À / À bone marrow recipients was 14 days in comparison to 32 days in case of WT bone marrow recipients. Splenic ST burden in FoxO3a À / À bone marrow recipients was higher than WT bone marrow recipients at day 14 post-infection (Fig. 2b) . We also observed that irradiated recipients that had received FoxO3a À / À bone marrow cells (Fig. 2b) had much lower levels of IL-12 and TNF in the serum at day 14 post-infection (Fig. 2c) . To ensure that the increased susceptibility is not due to defective transplantation of FoxO3a À / À bone marrow cells, we transplanted a mixture of equal numbers of WT (CD45.1 þ CD45.2 À ) and FoxO3a À / À (CD45.1 À CD45.2 þ ) bone marrow cells into irradiated B6 recipient mice (Fig. 2d) . Flow cytometry analyses showed that FoxO3a signalling did not impair the transplantation or maintenance of transferred cells (Fig. 2e,f) . Taken together, these results indicate that FoxO3a signalling in the haematopoietic compartment promotes the production of proinflammatory cytokines and subsequent control of ST infection in mice.
FoxO3a does not impact adaptive immune responses to ST.
Since FoxO3a signalling regulates CD8 þ T cell response during infection with another intracellular bacterium, Listeria monocytogenes without impacting host survival 25 , we considered the possibility that the impairment in the survival of FoxO3a À / À mice following infection with ST may be related to CD8 þ T cell response. We enumerated IFN-g producing OVA-specific CD8 þ cells in WT and FoxO3a À / À mice at various time points after infection, by ELISPOT assay. At both days 7 and 14 postinfection, WT and FoxO3a À / À mice had comparable numbers of IFN-g producing OVA-specific CD8 þ cells in the spleen (Fig. 3a) . We used an adoptive transfer model to further track and validate the functionality of FoxO3a À / À CD8 þ T cells during ST infection in a competitive environment (Fig. 3b) . The percentages of WT and FoxO3a À / À CD8 þ T cells following infection were comparable over the course of the study, with no difference observed either in the expansion or in the contraction phase (Fig. 3c ). Absence of FoxO3a had no impact on the reduction in the expression of CD62L or CD127 following activation (Fig. 3d,g ). Adoptively transferred WT and FoxO3a À / À CD8 þ T cells showed comparable expression of CD107a (a degranulation marker, which provides a functional readout of the cytolytic potential of CD8 þ cells) indicating that FoxO3a deficiency did not alter the functionality of OVA-specific CD8 þ T cells (Fig. 3e,f) . In vitro antigen presentation experiments indicated that the absence of FoxO3a on DCs or CD8 þ T cells had no impact on CD8 þ T cell response during infection with ST ( Fig. 3h-j) . Taken together, the results indicate that FoxO3a deficiency does not impair CD8 þ T cell responses to ST.
Comparable numbers of CD4 þ and CD8 þ T cells were observed in the livers and peripheral blood of infected WT and FoxO3a À / À mice ( Supplementary Fig. 2a,b) . However, significantly lower numbers of myeloid cells were observed in the livers and blood of infected FoxO3a À / À mice, indicating that . Data is pooled from two independent experiments, each with 7-10 mice per group. All graphs depict mean±s.e.m. Survival data were analysed using Mantel-Cox test. All other data was analysed using two-tailed Student's t-test (*Po 0.05, ***Po0.001 and ****Po0.0001).
absence of FoxO3a might be associated with defective innate immune responses to ST ( Supplementary Fig. 2a,b) .
FoxO3a promotes expression of proinflammatory cytokines.
Innate immune cells including macrophages have been shown to be critical in controlling ST (ref. 19 ). Our in vivo results suggested that FoxO3a might be required for the generation of optimal innate inflammatory responses, and to determine if this was the case, we tested cytokine production by macrophages and monocytes in vitro after infection with ST or ST-OVA (10 multiplicity of infection (MOI)). FoxO3a À / À macrophages produced significantly lower levels of proinflammatory cytokines, IL-12 and TNF, and higher levels of IL-10 following infection (Fig. 4a,b, respectively) . Similar results were obtained with FoxO3a À / À monocytes (Fig. 4c ) and neutrophils ( Supplementary Fig. 3b ). ST-OVA at 10 MOI did not result in macrophage cell death and hence we could exclude the possibility that the reduced cytokine levels were due to differential cell death.
Despite showing a cytokine profile characteristic of M2 macrophages, gene expression analyses revealed that FoxO3a À / À macrophages had reduced expression of M1 and M2 markers including iNOS, mannose receptor and arginase-1, indicating that FoxO3a À / À macrophages are neither classical M1 nor classical M2 (Fig. 4d) . FoxO3a À / À macrophages secreted higher levels of IL-10 and reduced levels of IL-12 and TNF following infection with ST that does not express OVA ( Supplementary Fig. 3a) , indicating that the impaired proinflammatory response observed in the absence of FoxO3a was independent of OVA expression and secretion. Additionally, FoxO3a motif analyses showed that IL-10, IL-12b and TNF have binding sites for FoxO3a on their proximal promoters ( Supplementary Fig. 3c ). Taken together, these results indicate that the absence of FoxO3a leads to defective proinflammatory cytokine production by myeloid cells in response to ST.
FoxO3a does not impact glycolytic switch in response to ST. Lipopolysaccharide (LPS) treatment of macrophages has been shown to be associated with a metabolic switch to glycolysis (Warburg effect) and increased glycolysis has been reported to contribute to cytokine production 31 . Analysis of gene expression by DNA microarrays indicated that the absence of FoxO3a led to a differential expression of several genes involved in glycolysis-TCA cycle (Fig. 5a ). Since absence of FoxO3a has been reported to impair glycolysis 32 , we measured glycolysis in FoxO3a À / À macrophages in the presence of ST. Measurement of L-lactate (end product of glycolysis) levels indicated that infection with ST results in enhancement in glycolysis, and that the absence of FoxO3a does not have any impact (Fig. 5b) . Addition of 2-DG, an inhibitor of glycolysis, reduced the levels of L-lactate (Fig. 5b) , and resulted in a drastic reduction in the expression of cytokines (Fig. 5c ). Even when glycolysis was inhibited, FoxO3a À / À macrophages still secreted decreased levels of IL-12 and increased levels of IL-10 suggesting the impaired cytokine production in FoxO3a À / À cells is independent of glycolysis ( Fig. 5c and Supplementary Fig. 4 ).
FoxO3a does not impact p65/AKT/p38/JNK activation. Expression of proinflammatory cytokines occurs mainly through the activation of NF-kB pathway. Alternate pathways including PI3K-AKT and MAPK (consisting of p38, JNK and ERK) also contribute to inflammatory cytokine production 33, 34 . We evaluated the activation of NF-kB/AKT/MAPK pathways by western blotting to determine if proinflammatory cytokine production in response to ST was regulated by FoxO3a via modulation of one of these pathways. The kinetics of p65 phosphorylation and concurrent IkBa degradation were identical between WT and FoxO3a À / À macrophages ( Fig. 6a and Supplementary Figs 5 and 8a,b) , suggesting that NF-kB signalling is similar in WT and FoxO3a À / À macrophages. Similar phosphorylation of AKT, p38 and JNK was observed in WT and FoxO3a À / À macrophages following infection with ST ( Fig. 6b-d and Supplementary Fig. 8c-e) . The data collectively indicate that impaired expression of proinflammatory cytokines in FoxO3a À / À macrophages following infection with ST is not related to NF-kB, AKT, p38 or JNK signalling pathways. Since cell-death following infection has been considered as a key mechanism of virulence of ST (ref. 35 ), we measured cell-death of macrophages after infection with higher MOI of ST (100 MOI) which induced significant cell death. Our results indicate that WT as well as FoxO3a À / À macrophages undergo similar extent of cell-death ( Fig. 6e-g ).
FoxO3a regulates ERK signalling in macrophages. Analysis of gene expression by DNA microarrays indicated that on infection with ST, a number of MAPK pathway genes are up-regulated in FoxO3a À / À macrophages in comparison to WT macrophages; with 14 genes (from the Kyoto Encyclopedia of Genes and Genomes) up-regulated by 50% and with a P value of 0.003 (t-test, two-tailed unpaired; Fig. 7a ). Several genes upstream of Ras-ERK signalling including Rasgrp1 and Rasgrf2, were expressed at higher levels in infected FoxO3a À / À macrophages, indicating that FoxO3a regulates the expression of these genes upon infection (Fig. 7b ). FoxO3a motif analyses showed that both Rasgrp1 and Rasgrf2 have FoxO3a sequence elements within their proximal promoters, suggesting that they might be direct targets of FoxO3a ( Supplementary Fig. 6a ). Expression of several transcription factors downstream of ERK signalling including Elk1, Myc, ATF-2 and Srf were also significantly higher in infected FoxO3a À / À macrophages, pointing to an enhancement of ERK signalling in the absence of FoxO3a (Fig. 7b) . Phosphorylation of ERK was induced in infected WT macrophages and declined significantly at later time intervals. In contrast, FoxO3a À / À macrophages displayed sustained activation of ERK signalling ( Fig. 7c and Supplementary Figs 6b and 8f). We isolated bone marrow cells from WT and FoxO3a À / À 
Foxo3a
-/-WT mice at day 7 post-infection and analysed ERK phosphorylation using phospho-flow cytometry. Infected FoxO3a À / À mice had higher numbers of p-ERK þ CD11b þ Ly6G À cells, indicating that the absence of FoxO3a leads to enhanced ERK signalling in vivo (Fig. 7d,e) . We next investigated whether the reduced expression of proinflammatory cytokines in FoxO3a À / À macrophages was due to sustained ERK signalling. Inhibition of ERK signalling with the commonly used ERK inhibitor U-0126 restored the expression of inflammatory cytokines in FoxO3a À / À macrophages to levels similar to WT macrophages (Fig. 7f) . Similar results were obtained with a second ERK inhibitor, PD0325901 ( Supplementary Fig. 6c ). Western blots showed a near total inhibition of ERK phosphorylation by both inhibitors (Supplementary Figs 6d and 8g) . These results indicate that the enhanced/sustained activation of ERK due to the absence of FoxO3a signalling leads to reduced expression of proinflammatory cytokines. Our results are in line with previous studies that have reported ERK activation to negatively regulate proinflammatory cytokine production 36, 37 .
ERK inhibition led to a reduction in IL-10 production, and IL-10 has been shown to directly inhibit the expression of inflammatory cytokines 38 . To investigate whether the reduced expression of proinflammatory cytokines in FoxO3a À / À macrophages was mediated by higher expression of IL-10, we neutralized the expression of IL-10 using an antibody and evaluated the impact on the expression of IL-12 and TNF expression. Inhibition of IL-10 resulted in an increase in the expression of IL-12 and TNF by both WT and FoxO3a-deficient cells (Fig. 7g) . Despite leading to a significant reduction in IL-10 levels ( Supplementary Fig. 6e ), anti-IL-10 treatment could not restore the expression of IL-12 and TNF levels in FoxO3a À / À macrophages to WT levels (Fig. 7g) , indicating that the rescue observed with ERK inhibition is not through IL-10. ARTICLE Aberrant activation of ERK in FoxO3a À / À neural stem cells has been attributed to decreased expression of negative regulators of Ras-ERK signalling 32 . ERK signalling has been shown to be negatively regulated by dual specificity phosphatases (DUSPs), diacylglycerol kinases (DGKs) and proteins such as Sprouty/Spred [39] [40] [41] . We evaluated the messenger RNA (mRNA) levels of these proteins in infected macrophages to determine if FoxO3a regulated their expression. FoxO3a À / À cells, in contrast to WT cells, expressed significantly lower levels of DGK-z and Spry-2 ( Supplementary Fig. 6f ). Magnitude of reduction of DGK-z mRNA was significantly higher in FoxO3a À / À macrophages over the course of the infection ( Supplementary  Fig. 6g ). FoxO3a motif analyses showed that both DGK-z and Spry-2 have binding sites for FoxO3a on their proximal promoters ( Supplementary Fig. 6a ), suggesting that FoxO3a could positively regulate the expression of these genes via direct DNA binding. Taken together, our results indicate that in the absence of FoxO3a, deregulation of multiple genes in the ERK signalling pathway (Rasgrf2, Rasgrp1, DGK-z and Spry-2) leads to increased signalling; resulting in impaired inflammatory cytokine production by ST infected macrophages.
Oxidative stress in FoxO3a À / À mice promotes susceptibility. We harvested the spleens (Fig. 8a) and livers (Fig. 8b) of infected mice on day 14 post-infection and performed haematoxylin and eosin staining to evaluate tissue pathology. Naïve WT and FoxO3a À / À mice showed normal tissue architecture of spleen and liver. Infected FoxO3a À / À mice had more necrotic lesions in the spleen and liver, leading to large areas of tissue loss (Fig. 8a,b) .
Infection with ST has been shown to be associated with increased oxidative stress 13, 42 and increased ROS levels have been implicated in the development of liver diseases/pathology 43 . The reduction of SOD-1, SOD-2, catalase and GADD45A was much more pronounced in the livers of FoxO3a À / À mice following infection with ST (Fig. 1g) . Decreased expression of anti-oxidant genes in infected FoxO3a À / À mice led us to question if these mice harbour higher ROS levels during Salmonella infection. FoxO3a À / À splenocytes (day 7 post-infection) showed increased levels of ROS as measured by DCF staining. Increase in ROS levels was observed in FoxO3a À / À CD8 þ T cells, CD4 þ T cells and myeloid cells (Fig. 9a,b) . We tested the reactive species levels in vivo by bioluminescence imaging using L-012, a luminol based chemiluminescent probe. Since differences in bacterial burden can affect ROS measurements, we measured ROS levels at day 7 post-infection, when the bacterial burden in the spleen and liver was comparable between WT and FoxO3a À / À mice (Fig. 1c,f) . Enhanced luminescence levels were observed in infected FoxO3a À / À mice compared with WT mice (Fig. 9c,d ). N-acetyl cysteine (NAC) treatment in mice led to a partial reduction in ROS levels in vivo ( Supplementary Fig. 7a,b) . Inhibition of ROS in vivo using NAC caused a reduction in bacterial burden in FoxO3a À / À mice (Fig. 9e) , which was reduced even further by ERK inhibition (Fig. 9f and Supplementary Fig. 7c ). Taken together, these data suggest that FoxO3a À / À mice harbour increased levels of reactive species, leading to a higher degree of oxidative stress during ST infection, which impairs bacterial control. Infected FoxO3a-deficient macrophages (Fig. 9g ) and neutrophils ( Supplementary Fig. 7d ) expressed higher levels of ROS (as measured by DCF staining). Furthermore, FoxO3a À / À macrophages expressed reduced levels of the anti-oxidant enzymes SOD-1, SOD-2 and Catalase (Fig. 9h) , similar to what was observed in vivo. Analysis of gene expression by DNA microarrays in ST infected macrophages revealed a significant reduction in the expression of several genes of the glutathione detoxification system in FoxO3a À / À macrophages ( Supplementary Fig. 7e ), suggesting a major breakdown of ROS detoxification systems in the absence of FoxO3a. Furthermore, FoxO3a motif analyses showed that catalase, SOD1 and SOD2 have binding sites for FoxO3a on their proximal promoters ( Supplementary Fig. 7f ), suggesting that FoxO3a might positively regulate the expression of these genes via direct DNA binding. Increased ROS levels have been shown to induce ERK phosphorylation 44, 45 . To determine if the increased ROS levels in FoxO3a À / À cells could contribute to prolonged ERK signalling and reduced proinflammatory cytokine production, we infected macrophages with ST in the presence or absence of NAC. Inhibition of ROS with NAC could not rescue poor proinflammatory cytokine production in FoxO3a À / À macrophages (Fig. 9i) . Thus our results indicate that increased ROS levels and impaired proinflammatory cytokine production are mutually exclusive and that together, they severely impair the host's ability to clear ST infection.
Discussion
Pathogens express numerous virulence mechanisms to subvert the army of various types of immune cells; however, the immune system efficiently controls a myriad of pathogens 46, 47 . FoxO3a, a key transcription factor that promotes expression of various genes involved in cell signalling, was shown to previously have only a modest impact on acquired immune response in various models [23] [24] [25] . We hypothesized that FoxO3a signalling might become paramount particularly during chronic infection that puts extensive stress on the immune system due to persistent engagement of various cell signalling mechanisms. We have therefore tested the role of FoxO3a signalling during infection with ST, a chronic, virulent intracellular bacterium. Our results indicate that FoxO3a-signalling enables better bacterial control by limiting oxidative stress. It also regulates ERK signalling in macrophages to induce the expression of high levels of inflammatory cytokines. Proinflammatory cytokine responses are imperative for clearance of intracellular pathogens [16] [17] [18] , and any modulation of this pathway is bound to have significant impact on host survival. Increased ROS levels have been reported to promote bacterial killing in the early stages of Salmonella infection 48, 49 and the increased levels of ROS in FoxO3a-deficient mice appeared to promote better control initially. Salmonella detoxifying enzymes have been described to successfully protect against host oxidative burst, and Salmonella are also able to escape to more permissive environments 13, 50 . Despite bacterial burden being similar to WT mice at day 7 post-infection, FoxO3a À / À mice had high ROS levels (Fig. 9c) , which correlated with reduced expression of ROS-scavenging enzymes, indicative of defective ROS detoxification. During Porphyromonas gingivalis infection, host oxidative response was reported to increase morbidity and mortality, by increasing systemic inflammation 51 . The fact that NAC treatment of FoxO3a À / À mice resulted in a decrease of bacterial burden indicates that ROS might not contribute to bacterial clearance at later stages of the infection. Instead, persistently high levels of ROS could lead to excessive host pathology and reduced host survival.
FoxO1 and FoxO3a are the main FoxO transcription factors expressed in the immune system. As opposed to FoxO1 which is expressed highly in lymphoid cells, FoxO3a is expressed at high levels in myeloid cells 52, 53 suggesting that FoxO3a deficiency might have a more pronounced impact in the myeloid compartment. FoxO3a signalling regulates CD8 þ T cell responses in various models [23] [24] [25] 54 . We failed to observe any impact of FoxO3a in CD8 þ T cell response to ST. Although T cells play an important role in promoting clearance of ST in WT hosts, this occurs after the first 3 weeks of infection 55, 56 . Since FoxO3a À / À mice were moribund early on during infection, this suggests that a modulation of innate immune response was the reason for increased susceptibility. FoxO proteins have been reported to regulate the expression of inflammatory markers in multiple models; however the literature has been contradictory. FoxO1 has been shown to positively regulate inflammation in murine macrophages through modulation of TLR4 signalling 57 . A recent study by Seiler et al. reported that FoxO3 is expressed in respiratory epithelium in response to bacterial infections and that knockdown of FoxO transcription factors impairs the release of innate immune factors by respiratory epithelial cells 58 . The caveat is that these studies have been done either in the context of FoxO1 deficiency or have used combined inhibition of FoxO1/FoxO3a, making it hard to delineate the individual contributions of the two proteins. A study that specifically looked at FoxO3a deficiency in the context of cigarette smoke induced inflammation observed that absence of FoxO3a led to down-regulation of antioxidant genes and to exaggerated inflammatory responses 59 . Our results show for the first time that independent of FoxO1, FoxO3a plays a crucial role in regulating immune responses to an intracellular bacterium, by promoting the expression of proinflammatory cytokines in innate immune cells. Our data indicate that FoxO3a plays an indispensable role in host survival against ST by regulating ROS levels and enhancing the expression of inflammatory cytokines.
FoxO3a deficiency resulted in lower levels of cytokines/ chemokines and reduced numbers of myeloid cells in the liver and blood, which is indicative of a defect in the generation/egress of myeloid cells in/from the bone marrow following infection with ST. IFN-g promotes infection-induced myelopoiesis in the context of intracellular bacterial infection 60 and FoxO3a À / À mice had lower levels of serum IFN-g, MIG and MCP-1. Both MIG and MCP-1 have been shown to be important in controlling bacterial infections, with MCP-1-deficient mice succumbing earlier to Salmonella enterica infection 61 . The reduced chemokine levels could lead to altered chemotaxis and account for the reduced numbers of circulating myeloid cells observed in infected FoxO3a À / À mice. A recent study reported that bacterial infection causes cell-death of kupffer cells and that their replacement by blood monocyte derived macrophages contribute to antibacterial immunity while restoring tissue integrity 62 . Thus reduced myeloid cell numbers in FoxO3a À / À mice could severely impair the replacement of liver resident macrophages, leading to decreased bacterial clearance and exacerbated tissue damage.
Serum/tissue levels of IL-10 were slightly reduced in ST infected FoxO3a À / À mice; however, the reduction was not as severe as that observed for proinflammatory cytokines such as TNF and IL-12. Furthermore, the reduced numbers/defective migration of myeloid cells in FoxO3a À / À mice following ST infection may drive reduction in cytokine levels overall. These technical complexities were mitigated by infecting macrophages in vitro and equalizing the cell numbers, which decisively revealed increased IL-10 expression by FoxO3a À / À myeloid cells.
Altered cytokine levels are usually associated with modulation of NF-kB signalling, and FoxO3a was reported to negatively regulate NF-kB signalling in T cells, although the mechanism was not clear 63 . Similar results were obtained in a recent study where absence of FoxO3a in tumour associated dendritic cells led to enhanced NF-kB nuclear translocation and subsequent expression of inflammatory cytokines including IL-12 (ref. 64 ). In contrast, we observed reduced IL-12 expression in FoxO3a À / À macrophages and failed to notice any modulation of NF-kB signalling. It is possible that the differences are related to the different cell-types (T cells and tumour associated dendritic cells versus macrophages) and the different experimental set-ups (autoimmunity and tumour versus bacterial infection). Reduction in the expression of proinflammatory cytokines in FoxO3a À / À macrophages could be rescued by the inhibition of ERK signalling; suggesting that over-activation of the ERK signalling was responsible for the phenotype of FoxO3a À / À macrophages, in the context of ST infection. Several downstream targets of ERK signalling pathway, including MSK1/2, c-Fos and CREB have been reported to promote anti-inflammatory phenotype 36, 37, 65 .
Aberrant activation of ERK has been reported in FoxO3a-deficient neural stem cells and has been attributed to decreased expression of negative regulators of Ras-ERK signalling 32 . Rasgrp1 and Rasgrf2, which positively regulate Ras-ERK signalling, were up-regulated in ST infected FoxO3a À / À macrophages, indicating that it is not just the negative regulators, the expression of which is impacted in the absence of FoxO3a. Multiple proteins (Sprouty/Spred, DUSPs and DGKs) act in concert to inactivate ERK signalling [39] [40] [41] . DGK-z appears to be the major isoform expressed in macrophages 66 . We failed to observe any modulation in the expression of DUSP5/DUSP6 in infected FoxO3a À / À cells, but we cannot rule out the possibility that other DUSPs and/or protein phosphatases might be involved. Following infection, FoxO3a À / À cells had significantly lower levels of DGK-z mRNA. It is conceivable that FoxO3a regulates DGK-z by increasing the stability of its mRNA. DGKz-deficient mice show reduced expression of IL-12/TNF and increased susceptibility to Toxoplasma gondii, lending further support to our hypothesis that FoxO3a promotes proinflammatory cytokine production at least partially through its modulation of DGKz (ref. 66) .
Most of the genes deregulated in infected FoxO3a À / À macrophages have predicted binding sites for FoxO3a on their proximal promoters. Whether FoxO3a regulates the expression of these genes via direct binding to the promoters requires further investigation. FoxO3a has been reported to bind to the promoter sequence of SOD-2, thereby activating the promoter. A model was proposed wherein FoxO3a induces the expression of PGC-1a and co-operates with this protein to bind to the promoter sequences of target genes resulting in maximal expression of anti-oxidant enzymes 67 . We have shown that IL-10, IL-12b and TNF have predicted FoxO3a binding sites on their proximal promoters suggesting that FoxO3a binding could play a role in the transcription of these genes. Recently it was reported that Nrf-2 inhibited the expression of inflammatory cytokines (IL6, IL12b and IL-1b, not TNF), in response to LPS (ref. 68) by binding to the promoters of target genes. We did not see any modulation of Nrf-2 in infected FoxO3a À / À macrophages.
Modulation of the inflammatory phenotype of macrophages by FoxO3a signalling did not have any impact on their susceptibility to cell-death or IL-1b/IL-18 production, which indicates that activation of inflammasomes was not impacted by FoxO3a. Pyroptosis has been shown to be a key mechanism of cell-death of macrophages following infection with ST, which leads to inflammation induced by IL-1b/IL À 18 processing 69, 70 . Our results thus indicate that not all pathways of inflammation are impacted by FoxO3a.
The immune system mounts a swift inflammatory response to control rapidly proliferating, virulent pathogens. Salmonella species are intracellular bacteria that reside in the phagosomes of infected cells and promote typhoid, gastroenteritis, sepsis, inflammatory bowel disease and colon cancer 5, 6 . Development of a swift and efficient proinflammatory immune response is necessary for controlling such pathogens [16] [17] [18] . Our study reveals that by reducing oxidative stress and by modulating ERK signalling, FoxO3a transcription factor tilts the balance towards increased inflammatory responses to control intracellular bacteria.
Methods
Bacterial strains. ST expressing OVA in phagosome was generated by incorporating pKKOVA plasmid into ST, whereas for cytosolic antigenic delivery OVA along with its fusion protein, YopE and chaperone, SycE was incorporated into ST using pHR-OVA plasmid 26 . Colony-forming units were calculated by performing serial dilutions on brain heart infusion (BHI) plates.
Mice and infections. All animal procedures were performed on approval by the University of Ottawa Animal Care and Veterinary Committee. Age and gender matched mice were used at 6-10 weeks of age. C57BL/6 J and B6.SJL mice were obtained from Jackson Laboratory (Bar Harbor, Maine, USA). Generation of FoxO3a À / À mice has been described before 25 . B6.Nramp mice were provided by Dr Greg Barton (University of California, Berkeley) 30 . B6.Nramp FoxO3a À / À mice were generated by crossing B6.Nramp mice with FoxO3a À / À mice. For immunizations, frozen stocks were thawed and diluted in 0.9% saline, and mice were inoculated iv.
Bacterial burden. Whole spleens from infected mice were homogenized using frosted glass slides. livers (0.5 g) were weighed out and homogenized in 1 ml PBS using Cell MagNA Lyser (Roche, Switzerland). Colony-forming units were then determined by plating 100 ml aliquots of 10-fold serial dilutions on BHI-Agar plates.
Bone marrow chimera. 10 7 bone marrow cells from WT or FoxO3a À / À mice were injected into irradiated B6 recipient mice, which were then maintained on antibiotics and special rodent chow diet for a period of 3 weeks. Recipient mice were then provided with regular chow and maintained for 2 months to ensure proper bone marrow repopulation. Mice were then infected with 10 4 ST-OVA iv. Measurement of transplant efficiency and cell survival. Bone marrow cells from B6.SJL (CD45.1 þ CD45.2 À ) and FoxO3a À / À (CD45.1 À CD45.2 þ ) mice were counted and mixed 1:1. The mixed cell suspension was then injected into irradiated B6 recipient mice (10 7 cells per mouse). Flow Cytometry was performed on the injection mix to confirm the relative proportions of CD45.1 þ and CD45.2 þ cells, at the start of the experiment. Recipient mice were maintained on antibiotics and special rodent chow diet for a period of 3 weeks, after which they were provided with regular chow for the rest of the duration of the experiment. Transplant efficiency was measured by determining the frequencies of CD45.1 þ (WT) and CD45.2 þ (FoxO3a À / À ) cell populations in the peripheral blood, at day 25 post-transfer and comparing it to the input frequencies.
Adoptive transfer for evaluation of CD8 þ T cell response. CD45.1 þ CD45.2 þ OT-1 mice were bred in-house. FoxO3a À / À OT-1 mice were generated by mating OT-1 (CD45.2 þ ) mice with FoxO3a À / À mice. Spleen cells were obtained from WT OT-1 (CD45.1 þ CD45.2 þ ) and FoxO3a À / À OT-1 (CD45.1 À CD45.2 þ ) mice, mixed 1:1 and then injected (iv, 5 Â 10 4 cells per mouse) into B6.SJL (CD45.1 þ CD45.2 À ) recipient mice. The following day, recipient mice were infected with 10 4 ST-OVA, and OVA-specific CD8 þ T cells were then tracked in blood using antibodies against CD45.1 and CD45.2 at different time points post-infection. Expression of CD127 and CD62L on donor T cells was analysed by flow cytometry.
CD107a degranulation assay. Spleen cells were resuspended in RPMI-1640 supplemented with 8% FBS and 50 IU ml À 1 IL-2. They were then stimulated with OVA peptide (257-264) (1 mg ml À 1 ) for 4 h at 37°C in the presence of GolgiStop (BD) and anti-CD107a antibody (eBioscience). Cells were then stained with anti-CD45.1, anti-CD45.2, anti-CD8 Abs and the expression of CD107a evaluated by flow cytometry.
In vitro antigen presentation assay. DCs were isolated from naïve spleens using a PE-CD11c-positive selection kit from Stemcell Technologies (BC, Canada). 5 Â 10 4 DCs were seeded on a 96-well plate in RPMI-1640 supplemented with 8% FBS and then infected with ST-OVA at MOIs 1, 10 and 30 for 30 min, followed by 2 h treatment with gentamicin (50 mg ml À 1 ). Carboxyfluorescein succinimidyl ester (CFSE)-labelled OT-1 CD8 þ T cells (5 Â 10 4 ) were purified using a CD8 negative selection kit (Stemcell Technologies) and incubated with the infected DCs for a period of 72 h. Reduction in CFSE expression on CD8 þ T cells was evaluated by flow cytometry (CyAn ADP, Beckman Coulter, CA, USA).
Flow cytometry. Spleens were homogenized using frosted glass slides. Livers were homogenized using a filter and plunger and the lymphocytes were isolated via Ficoll separation. Blood samples were subjected to red blood cell lysis. In all cases, cells were suspended at 10 6 /tube and were blocked with anti-CD16/32 at 4°C. After 10 min, cells were stained with the appropriate antibody cocktail for 30 min. Antibodies were obtained from eBioscience. Cells were washed with PBS and fixed in 2.0% paraformaldehyde and acquired on fluorescence-activated cell sorting (FACS) Canto (BD) or alternatively on CyAn ADP (Beckman Coulter, CA, USA). Data was analysed using FlowJo (TreeStar, OR, USA) or Kaluza (Beckman Coulter) software.
Phospho-flow cytometry. Spleen and bone marrow cells were blocked with blocking solution (PBS with 10% goat serum and 20% FBS) containing anti-CD16/32 for 10 min at 4°C and then stained with surface antibodies against CD11b and Ly6G for 30 min. Cells were then fixed and permeabilized using the Cytofix/Cytoperm Fixation/ Permeabilization solution kit (BD) and methanol and stained with PE Mouse Anti-ERK1/2 (pT202/pY204) for 30 min at room temperature (BD). Cells were then acquired on a BD LSRFortessa.
Isolation of monocytes and neutrophils from bone marrow. Monocytes were isolated from bone marrow using EasySep Mouse Monocyte Enrichment Kit (Stemcell Technologies). Neutrophils were isolated using Ficoll separation.
Reactive species measurements. For in vitro measurements, neutrophils/ macrophages were seeded on 96-well plates at a concentration of 10 5 cells per well and infected with 10 MOI of ST-OVA. At indicated time points following infection, cells were loaded with 20 mM H 2 DCFDA (Molecular Probes) in serum-free RPMI-1640 and incubated for 30 min at 37°C. Cells were then washed twice with PBS, suspended in fresh RPMI-1640, no phenol red and readings were acquired at an excitation wavelength of 495 nm using a FilterMax F5 plate reader (Molecular Devices, CA, USA).
For ex vivo measurements, spleens were obtained from infected mice and single-cell suspensions were prepared. spleen cells (10 6 ) were then loaded with 20 mM H 2 DCFDA (Molecular Probes) in serum-free RPMI-1640 and incubated for 30 min at 37°C. Cells were then suspended in fresh RPMI-1640, no phenol red and acquired immediately on CyAn ADP (Beckman Coulter). For in vivo ROS measurements, ST-OVA infected mice were anaesthetized with isoflurane, and injected (ip, 20 mg g À 1 of body weight) with L-012 (Wako, Osaka, Japan) which was dissolved in PBS. Bioluminescence signal was measured at 6 min post-injection of L-012 using an IVIS Spectrum imaging system (Perkin Elmer, MA, USA).
In vivo treatments. For NAC treatment, mice were randomized to ad lib drinking water supplemented with 40 mM NAC or regular drinking water. Treatment was started 1 day before ST-OVA infection and continued until day 14 post-infection, when the mice were killed. Drinking water was replenished every 3-4 days. For ERKi treatment in vivo, mice received 100 ml of ERKi (PD0325901) at a concentration of 10 mg kg À 1 of body weight. ERKi (PD0325901) was prepared fresh daily, in a solution of 0.5% hydroxypropyl methylcellulose plus 0.2% Tween 80. Mice that received regular drinking water were given 100 ml of a solution of 0.5% hydroxypropyl methylcellulose plus 0.2% Tween 80. Treatment was commenced 2 days before infection with ST-OVA and was given daily by oral gavage.
Western blotting. Cells were lysed in 1% SDS lysing buffer containing 1% b-ME and boiled immediately after for 10 min. Western blot analyses were performed using standard protocol. Antibodies used were as follows: phospho-p65 (Cell Signaling #3033), p65 (Cell Signaling #8242), IkB (Cell Signaling #4814), phospho-AKT (Cell Signaling #9275), AKT (Cell Signaling #9272), phospho-p38 (Cell Signaling #4511), p38 (Cell Signaling #8690), phospho-JNK (Cell Signaling #4668), JNK (Cell Signaling #9258), phospho-ERK (Cell Signaling #4370), ERK (Cell Signaling #4695) and b-actin (Santa Cruz Biotechnology #sc-81178).
examination. Vertical sections (5 mm thick) were stained with haematoxylin and eosin. Images were acquired on a Zeiss Axio Imager.M2 microscope.
Blood collection. Blood was collected via saphenous/sub-mandibular bleeding or via cardiac puncture. For Flow Cytometric analyses, blood was collected in anticoagulant tubes (BD microtainer with Lithium-Heparin; BD). For serum cytokine measurements, blood was collected in serum separator tubes (BD microtainer with serum separator; BD) and the serum was separated by centrifugation and frozen at À 80 o C.
PI/Hoechst staining. Bone marrow derived macrophages were plated in 96-well plates at a concentration of 10 5 cells per well on day 6. Cells were then infected and at desired time points, stained with Hoechst (2.5 mg ml À 1 ; Life Technologies) and propidium iodide (1:10 dilution; BD) and incubated at 37°C for 15-20 min. Immunofluorescence images were acquired on a Zeiss Axio Observer.D1 microscope. Cell counting was performed using Infinity Analyse software (Lumenera Corporation, ON, Canada).
Neutral red uptake assay. A 10% solution of Neutral Red (Sigma-Aldrich) was prepared in RPMI-1640 containing 8% FBS. The solution was filtered to minimize the formation of crystals and was then added to macrophages. The cells were incubated with the solution for up to 2 h at 37°C. After removal of the stain solution, the cells were washed with PBS and the dye extracted/ solubilized using a solution of ethanol and acetic acid. The absorbance of the solubilized dye was then measured at 570 nm using a FilterMax F5 plate reader (Molecular Devices).
Glycolysis cell-based assay. Cells were plated in RPMI-1640 containing 8% FBS. Supernatants were collected from treated/infected cells at 18-24 h post-infection. L-lactate, the end product of glycolysis was measured using the Glycolysis Cell-Based Assay kit from Cayman Chemical (Michigan, USA), according to manufacturer's instructions. Absorbance was then measured at 450 nm using a FilterMax F5 plate reader (Molecular Devices).
Cytokine/chemokine measurements. Cytokine/chemokine measurements were done using either ELISA (eBioscience, CA, USA) or Cytometric Bead Array (BD). IL-1b, TNF-a, IL-10, IL-6 and IL-12p70 were measured using BD OptEIA kits or BD CBA Flex sets according to manufacturer's instructions. IL-1a was measured using Mouse IL-1a ELISA Max Standard kit (BioLegend, CA, USA) or CBA flex set (BD). Other cytokines and chemokines were measured using CBA (BD). IL-18 was measured on a MAGPIX multiplex reader (Luminex, USA) using ProcartaPlex Mouse IL-18 Simplex kit (eBioscience).
Gene expression profiling. RNA samples were collected at 6 h post-infection using RNeasy Mini Kit (Qiagen). Transcriptomic analyses were performed essentially as described. Total RNA (200 ng) from the various cell populations was reverse transcribed and fluorescently amplified using the Agilent Low-input Quick Amp single color labeling kit. Labelled cRNA was hybridized to Agilent-028005 SurePrint G3 Mouse GE 8x60K Microarray (GPL10787). Data were analysed using Expander 7, using log-transformation and quantiles normalization between the eight samples. Heat-maps were prepared using Java TreeView with microarray probes representing genes belonging to pathways of interest and using expression data that have been median-subtracted across RNA samples. The raw and normalized data have been deposited in the Gene Expression Omnibus (GEO) data base (accession number: GSE82212).
Gene promoter analyses. The programme oPOSSUM-3 was used to identify phylogenetically conserved FoxO3 binding sites within the regulatory regions of genes of interest. Hits to the JASPAR position-weight matrix MA0157 for FoxO3 were searched for. Only hits within the first 2,800 base pairs of upstream promoter regions and with a matrix score threshold of at least 85% were retained.
Real-time PCR. Organs were harvested from mice and immediately frozen in RNAlater stabilization reagent (Qiagen, Limburg, Netherlands). RNA was prepared using RNeasy Mini Kit (Qiagen) according to manufacturer's instructions. Alternatively, cells were lysed in TRIzol reagent (Life Technologies) and RNA was prepared according to manufacturer's instructions. RNA concentrations were determined using a FilterMax F5 plate reader (Molecular Devices). complementary DNA was prepared using SuperScript III Reverse Transcriptase (Life Technologies) following TURBO DNase treatment (Life Technologies) of the RNA, according to manufacturer's instructions. Wherever possible, exon-exon spanning primers were used to avoid amplification of genomic DNA. Real-time PCR was done using SYBR Green PCR Master Mix (Life Technologies) and the reactions were run on an ABI 7500 PCR machine. Primer sequences are shown in Supplementary Table 1.
Statistics. Data were analysed in GraphPad Prism (GraphPad Software, California, USA). Survival curves were analysed using Mantel-Cox test; all other data were analysed by two-tailed unpaired Student's t tests. All graphs represent mean ± s.e.m. P valueso0.05 were considered significant. Data availability. Microarray data that support the findings of this study have been deposited in GEO with the primary accession code GSE82212. The authors declare that all other data supporting the findings of this study are available within the article and its Supplementary information files.
